In this paper, the preparation of a potentiometric strip for pH monitoring in saliva samples is reported. The potentiometric strip consists of a solid contact pH-selective and of a solidcontact ionogel reference electrode prepared on a dual screen printed substrate. The screen printing protocols, i.e., type of inks and number of deposits, were adjusted to relatively improve the batch reproducibility and the stability of the pH sensor. The pH of real saliva samples was monitored using the optimised potentiometric strip, and results were validated through parallel measurements with a standard laboratory method.
Introduction
Ion-selective electrodes (ISEs) have been widely applied to detect many ions in blood [1] [2] [3] and saliva [4] [5] [6] [7] [8] samples. The ISEs may have a great potential for a wide range of analytical applications, particularly when produced in a solid-state form since this can drive down the unit cost. This peculiarity could also enable the sensors to be produced in a variety of form factors which in turn can open new application concepts, such as wearable sensors for realtime monitoring of physiological fluids like sweat or saliva [9] . Solid-contact ion-selective electrodes (solid-contact-ISEs) have attracted great attention since the internal reference electrode and the inner filling solution are replaced by a solid material [10] . However, in spite of extensive research in the area, it seems that obtaining solid-contact-ISEs with reproducible standard potentials is still a significant challenge [10] and much research is still focused on the use of standard macroelectrodes rather than low-cost solid-state electrodes.
In order to accomplish the potentiometric measurement, a reference electrode compatible with mass production, e.g., planar-type design, screen printing technologies, solid state functional components, is required. The most challenging applications are those that require continuous use over longer periods of time [9, 11, 12] . For instance, Rius-Ruiz et al. [12] developed a potentiometric strip to monitor the potassium content in samples of saliva and soft drinks diluted with buffers. Accessible body fluids such as saliva represent an interesting medium for the realization of body-sensing, as these fluids also contain important personal physiological information [13] [14] [15] [16] [17] [18] [19] [20] . Continuous monitoring of pH in saliva would be extremely beneficial for maintaining healthy mouth conditions, e.g., degradation of tooth enamel [21] and detection of Gastroesophageal Reflux Disease (GERD) [22] [23] [24] , as well as drug activity, as in some cases this can depend on saliva pH [17] .
In this manuscript, we report on the preparation of a potentiometric strip based on a planar screen printed substrate for the direct measurement of pH in saliva samples. The strip contains two electrodes, one sensitive to pH and the other one operating as a reference electrode. pH measurements of saliva samples were validated using a commercial glass electrode.
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Experimental

Materials
Silver ink and C10903P14 as carbon ink obtained from Gwent Electronic Materials (Pontypool, UK) and Acheson Electrodag 452 SS from Henkel (Irvine, CA, USA) as dielectric were used for the preparation of screen printed electrodes. C2030519P4 and D50706D2 from Gwent Electronic Materials were used respectively as carbon and dielectric inks in the preparation of the silver-free screen printed electrodes. 175 μm thick PET sheets were obtained from HiFi (Dublin, Ireland) or from MacDermid (Oxon, UK) and they were used without further treatment. Potassium and sodium chloride, 3,4-ethylenedioxythiophene (EDOT, 97%), poly(3-octylthiophene-2,5-diyl) regiorandum (POT), high molecular weight poly(vinyl chloride) (PVC), bis(2-ethylhexyl) sebacate (DOS, ≥ 97%), tetrahydrofuran (THF, ≥ 99.5%), 2-nitrophenyl octyl ether (o-NPOE, > 99%), 4-nonadecylpyridine selectophore (hydrogen ionophore II), potassium tetrakis(4-chlorophenyl)borate ( KTFPB), citric acid, sodium phosphate dibasic, boric acid, nitric acid and standard buffers (pH 4, 5, 6, 7, 8), 2,2-dimethoxy-2-phenylacetophenone (DMPP, > 99%), butyl-acrylate (> 99%) and 1,6-hexanediol diacrylate (HDDA, 80%) were purchased from Sigma-Aldrich (Dublin, Ireland with same ink, curing was repeated in between printing of individual layers. Silver-free dual electrodes were printed according to the procedure followed for the single silver-free screen printed substrates with the main differences being the design pattern and the individual geometrical area, i.e., ~ 0.045 ± 0.002 cm 2 .
The pH sensitive membrane was prepared as previously reported [25] , drop casting a total amount of 24.5 µL of capping membrane according to the following sequence; 1µL, 1.5 µL, The ISEs were conditioned overnight in a solution that was 1 mM each in boric acid, citric acid and sodium phosphate dibasic. The buffer solutions used for the pH sensors calibration were standard buffers (pH 4, 5, 6, 7, 8) or they were made with an opportune amount of citric acid and disodium phosphate, in order to adjust the pH to the desired values during the simulation of saliva. In the last case, the buffer solutions contained 10 mM NaCl and 20 mM
KCl as a constant electrolyte background to mimic saliva composition. The solid-contact ionogel reference electrodes (solid-contact-REs) were prepared as reported elsewhere [26] using the silver-free screen printed substrates. In summary, the solid contact was a PEDOT layer electrochemically grown on the carbon electrodes from a 0. It is perhaps important to note that the silver track changed its colour to a darker hue ( Figure   S2 ) when sensors were stored in buffer solution for 3 days which may also indicate that some oxidation may be happening [27] . To avoid any concern, pH-sensors were prepared A c c e p t e d M a n u s c r i p t 6 from screen-printed substrates fabricated using a heat-curable dielectric and without silver ink. Regarding the preparation of carbon screen-printed electrodes, it should be noted that the height profile of carbon layers formed by 1 carbon print was more uniform, i.e., average roughness than those formed by 2 carbon prints, average roughness ±5 and ±7 μm, respectively, (see Figure S3 ). In addition, the single print film was thinner with an average thickness of 11.3 ± 0.5 μm compared to 21.5 ± 1.8 μm for the double print carbon layer. In both cases SEM images of the carbon prints were similar to Figure S4 .
The use of a gasket was found to be beneficial in terms of confining the drop-cast area, both for the capping membrane and POT deposition, thus generating layers with more reproducible thickness and reproducibility of the sensor response characteristics. Gaskets of two heights were tested in order to allow drop-casting of different amounts of pH sensitive capping PVC membrane, i.e. 8 μL (G8) and 22 μL (G22). The use of G8 gaskets tended to
give irreproducible results, which are not discussed further. Table 1 shows that sensors prepared using the G22 gasket, one carbon layer print and the heat-curable dielectric afford good batch reproducibility which persists after 5 days storage in the conditioning solution or after 14 days dry storage with little change of the calibration characteristics. Thus, the pHsensors in the following section were prepared using this optimised configuration.
The pH-ISEs were combined with disposable ionogel-based liquid-junction-free reference electrodes. These electrodes do not exhibit appreciable changes in potential over the pH range 4-7, and are quite insensitive to potassium and sodium. In fact, when the concentrations of K + and Na + change over two orders of magnitude, i.e., from 1 mM to 0.1 M, the potential of these solid-contact reference electrodes increases by ca. 4-6 mV and 10-15 mV, respectively, against a commercial double-junction reference electrode [26] . In saliva, sodium and potassium levels significantly depend on the area and sampling method, but their concentrations range are always within 1-98 mM and 10-80 mM, respectively [28] .
Since the average sodium and potassium concentrations in whole unstimulated saliva are typically 8 ± 3 mM and 21 ± 4 mM, respectively, the solutions for the pH ISEs calibration were made with similar content of Na + and K + , in order to mimic the saliva composition. A common limitation of solid-contact-ISEs is the need to re-condition the electrodes after a period of dry-storage. Although this period cannot be universally defined and it is often omitted or not reported in the literature [29] , commercial solid-contact-ISEs recommend reconditioning of at least 1 hour before commencing the measurement [30] . Indeed, Table 2 shows the pH values of saliva samples obtained with two potentiometric strips which were re-conditioned for 40 minutes in a buffer solution after a 5 hour dry-storage period. The average percentage difference between the pH values measured with the glass electrode and the ones extrapolated from the 1-point calibration of the above strips was 0.2 ± 0.1 (n=5)
It is noteworthy to highlight that in Table 2 , some saliva samples were collected before and after consumption of 150 mL of a soft drink and that these samples did not show significant changes in pH. This result probably depends on the buffer ability of saliva [28] . Thus, in order to demonstrate the ability of the potentiometric strips to monitor an extended pH window in real saliva, the pH of a sample was monitored while titrating it with a solution of 0.1 M HCl. Figure 3 shows the trace of the potentials recorded with the H + -ISE, the SCI-RE and the potentiometric strip. In this figure the pH spontaneously increased from 7.02 to 7.06
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Significantly, the stability of the disposable reference electrode of the potentiometric strip was good since its maximum variation during the titration experiment was ± 6 mV. The spiking of HCl solution was performed as indicated by the arrows and the pH of saliva was measured with the pH-meter 2 minutes after this addition. Table 3 compares these values with the ones extrapolated from one-point calibration of the potentiometric strip. Indeed, in the latter case the device offset was determined by reading the potential of the strip in contact with a standard solution at pH=7.5, and taking the average slope obtained with the sensors batch reported in Table 2 as device sensitivity. Table 3 demonstrates that the largest bias between the two methods in evaluating the saliva pH in the range 4-7 is smaller than 0.5
units. This small error gives the opportunity for integrating the potentiometric strip into wearable platforms and future work will address this implementation.
Conclusions
This work highlights the preparation of a disposable potentiometric strip which can monitor pH in sublingual saliva samples in good correlation with data from a commercial pH meter.
It was also demonstrated that the potentiometric strip withstands a short-period of drystorage and that, after a short re-conditioning step, pH measurements of saliva samples 
